We tested the hypothesis that glutamate, the major excitatory neurotransmitter of the CNS, is also an excitatory neurotransmitter in the enteric nervous system (ENS). Glutamate immunoreactivity was found in cholinergic enteric neurons, many of which were identified as sensory by their co-storage of substance P and/or calbindin. Glutamate immunoreactivity was concentrated in terminal varicosities with a majority of small clear synaptic vesicles. The immunoreactivities of both AMPA and NMDA receptor subunits were also detected on neurons in both submucosal and myenteric plexuses. The immunoreactivity of the EAAC1 neuronal glutamate transporter was widespread in both plexuses. Glutamate evoked depolarizing responses in myenteric neurons that had fast and slow components. The fast component was mimicked by AMPA, and the slow component was mimicked by NMDA. The fast component and the response to AMPA mimicked fast EPSPs evoked in 2/AH neurons; moreover, fast EPSPs as well as fast glutamate and AMPA responses were blocked by selective AMPA antagonists and potentiated by the glutamate uptake inhibitor L-(Ϫ)-threo-3-hydroxyaspartic acid. These observations demonstrate, for the first time, the presence of glutamatergic neurons and glutamate-mediated neurotransmission in the ENS.
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The enteric nervous system (ENS) is the only region of the peripheral nervous system that is intrinsically capable of mediating reflex activity (Furness and Costa, 1987; Gershon et al., 1994 ). This activity is made possible by the presence within the bowel of microcircuits that contain the necessary primary afferent neurons and interneurons, as well as the excitatory and inhibitory motor neurons that innervate gastrointestinal smooth muscle and glands. The complexity of the functions controlled by the ENS is reflected in an equally complex organization that resembles that of the CNS more than the remainder of the PNS. Many different classes of neurotransmitter have been found in the ENS, including most of those known also to be present in the CNS. Glutamate, the major excitatory neurotransmitter of the brain (Monaghan et al., 1989; Gasic, 1995) , has seemed to be a conspicuous exception in that it has not previously been found to be a neurotransmitter in the ENS. mRNA encoding NMDA receptors is present in enteric neurons (Burns et al., 1994; Burns and Stephens, 1995) , and pharmacological studies have also been consistent with the idea that neurogenic motile (Wiley et al., 1991) or secretory (Rhoads et al., 1995) responses of the gut involve enteric glutamatergic receptors. "Shellfish poisoning," which is caused by the ingestion of mussels contaminated by domoic acid, a potent ionotropic non-NMDA receptor agonist, is characterized by severe gastrointestinal distress (nausea, vomiting, and diarrhea) (Perl et al., 1990) . We now report, for the first time, that glutamate mediates excitatory synaptic transmission in enteric neurons, that enteric neurons express the neuronal glutamate transporter, EAAC1, NMDA, and non-NMDA (AMPA) receptors, and that a subset of enteric neurons that previously have been demonstrated to be sensory (Kirchgessner et al., 1992; Bornstein, 1994) are glutamatergic. These findings are consistent with the idea that glutamate is an excitatory enteric neurotransmitter and support the possibility that intrinsic sensory neurons use glutamate as a transmitter.
MATERIALS AND METHODS
Immunocytochemistry. Male guinea pigs (ϳ350 gm) were stunned by a blow to the head and exsanguinated. This procedure has been approved by the Animal Use and Care Committee of Columbia University. After the abdominal cavity was opened, the gut was rapidly removed and placed in a beaker of Krebs' solution, which was kept on ice. The gut was opened along the mesenteric border, and the resulting rectangular sheet of intestine was pinned flat, mucosal side up. Laminar longitudinal musclemyenteric plexus (LMMP) preparations or the dissected submucosa (containing the submucosal plexus) were fixed for 3 hr with 4% formaldehyde (freshly prepared from paraformaldehyde) in 0.1 M sodium phosphate buffer, pH 7.4, at room temperature and washed three times with PBS. The methods used to obtain whole mounts were similar to those described previously (Kirchgessner and Gershon, 1988) . To locate receptor or transporter proteins in the tissue by immunocytochemistry, freefloating preparations were exposed to PBS containing 0.5-1.0% Triton X-100 and 4% horse serum for 30 min to permeabilize the tissue and to reduce background staining. Immunoreactivity was then demonstrated by incubating the tissues with affinity-purified rabbit polyclonal antibodies (48 hr, 4°C) to glutamate receptor subunits or the neuronal glutamate transporter EAAC1. The sources of these antibodies and the evidence of their specificity are cited in Table 1 . As part of their characterization, immunostaining by all primary antibodies used in this studied was abolished by preabsorption with the synthetic peptide used for immunization. Antibodies against glutamate receptor subunits GluR1, 2/3, and 4, and NR1 and NR2A / B have been well characterized in both brain (Petralia and Wenthold, 1992; Wenthold et al., 1992; Petralia et al., 1994a,b) and periphery (Weaver et al., 1996) . These antibodies were raised against synthetic peptides corresponding to C-terminal sequences for each of the respective rat subunits. The C-terminal sequences of the GluR2 and GluR3 glutamate receptor subunits show nearly identical sequence homology; therefore, this antibody identifies both subunit proteins. Antisera generated against the C terminus peptide of rat NR2A (Petralia et al., 1994b) recognize both NR2A and NR2B subunits equally well; however, no cross-reaction is seen with NR1 or other glutamate receptor subunits. Antibodies against the neuronal glutamate transporter EAAC1 recognize the C terminus domain of the transporter (Rothstein et al., 1994) . Bound antibodies were visualized by incubating tissues for 3 hr with indocarbocyanine (Cy3)-or fluorescein isothiocyanate (FITC)-labeled secondary antibodies to rabbit IgG (Jackson ImmunoResearch, West Grove, PA) diluted 1:4000 (Cy3) or 1:200 (FITC). After washing with PBS, the tissues were coverslipped with Vectashield (Vector Laboratories, Burlingame, CA). In every experiment, parallel control sections were included that were incubated with normal rabbit serum instead of primary antibodies. Cy3 fluorescence was visualized by vertical fluorescence microscopy using a Chroma optical filter set (excitation, 540 Ϯ 12.5 nm; dichroic, 565 nm; emission, 605 Ϯ 27.5 nm). FITC fluorescence was viewed with a Chroma optical filter set (excitation, 480 Ϯ 15 nm; dichroic, 505 nm; emission, 535 Ϯ 20 nm). Double label immunocytochemistry was used to identify the cells that express AMPA receptor subunits and the EAAC1 transporter. Double labeling was made possible by using primary antibodies raised in different species (Table 1) in conjunction with species-specific secondary antibodies [goat anti-rat and goat anti-mouse (Kirkegaard and Perry, Gaithersburg, MD) or donkey anti-goat (Jackson ImmunoResearch); diluted 1:200] coupled to contrasting fluorophores (FITC or Cy3).
Glutamate-immunoreactive structures in the guinea pig and rat bowel were identified by immunocytochemistry with rabbit antibodies to glutamate (Table 1) . Tissues were fixed with paraformaldehyde (4.0%) and glutaraldehyde (0.1%) for 1 hr (at room temperature). These antibodies are specific for glutamate fixed to proteins by glutaraldehyde. Preparations were then placed in sodium cyanoborohydride (1.0% for 30 min), rinsed, and processed by immunocytochemistry, as described above. The primary antibody (diluted 1:500 -1000) was applied for 24 -48 hr (at 4°C). In some cases, preparations were incubated with horseradish peroxidaselabeled secondary antibodies to rabbit IgG (diluted 1:100; Vector Laboratories). Immunostaining was visualized with diaminobenzidine tetrahydrochloride and examined on a Zeiss Axiovert microscope.
Postembedding staining with colloidal gold was carried out as described by van den Pol (1991) . Laminar preparations of guinea pig small intestine were fixed for 1 hr with 3.0% glutaraldehyde in 0.1 M sodium phosphate buffer (pH 7.4) at room temperature. LMMPs were treated with 1.0% osmium tetroxide (1 hr) and embedded in Epon 812. Ultrathin sections were cut on a Reichert microtome and picked up on Formvarcoated grids. Sections were then etched with saturated sodium metaperiodate (30 min), washed in distilled H 2 O, and incubated (30 min) with sodium cyanoborohydride (1%) to quench reactive aldehydes. Sections were incubated with the primary antiserum (diluted 1:100; 4 days at 4°C), followed by several washes, and then with 10 nm particles of colloidal gold (1:20) adsorbed to goat anti-rabbit IgG (BB International, Cardiff, England; 2 hr). The grids were washed, stained with uranyl acetate (10 min) and lead citrate (20 min), and examined in a JEOLCO 1200 EX electron microscope. Control sections were incubated without primary antibody.
Confocal microscopy. Whole mounts were examined using an LSM 410 laser scanning confocal microscope (Zeiss, Thornwood, NY) equipped with a krypton/argon laser and attached to a Zeiss Axiovert 100 TV microscope. Usually, 20 -30 optical sections were taken at 0.5 m intervals. Images of 512 ϫ 512 pixels were obtained and processed using Adobe Photoshop 3.0 (Adobe Systems, Mountain View, CA) and printed using a Tektronix Phaser 440 printer.
Electrophoresis and immunoblotting. Brains were removed from metofane-anesthetized, decapitated rats. Tissue from gut was removed from stunned and exsanguinated guinea pigs. Twenty micrograms of protein from brain (cortex) and 40 g of protein from LMMP preparations of gut were subjected to SDS-PAGE (7.5% polyacrylamide). The proteins were then blotted onto nitrocellulose membranes (100 V, 1 hr), treated with 5% nonfat dry milk in Tris-buffered saline with 0.05% Tween 20, and probed with purified rabbit polyclonal antibodies selective for the GR1 (diluted 1:500), GR2/3 (diluted 1:500), GR4 (diluted 1:500), NR1 (diluted 1:500), and NR2A /B (diluted 1:500) subunits of the glutamate receptor and the neuronal glutamate transporter EAAC1 (diluted 1:500). Immunoreactive bands were demon- Electrophysiology. Male guinea pigs (250 -350 gm) were stunned and exsanguinated. A segment of the ileum was excised and placed in oxygenated (95% O 2 and 5% CO 2 ) Krebs' solution of the following composition (mM): NaCl (121.3), KCl (5.95), CaCl 2 (2.5), NaHCO 3 (14.3), NaH 2 PO 4 (1.34), MgCl 2 (1.2), and glucose (12.7). The Krebs' solution contained nifedipine (1.0 M) and scopolamine (1.0 M) to block longitudinal muscle contractions while intracellular recordings were obtained. A 5.0 mm 2 segment of the ileum was cut open and pinned (mucosal surface up) in a dish coated with a silicone elastomer. Preparations of LMMP were dissected, transferred to a recording chamber (volume, 1.0 ml), and stretched lightly with stainless steel pins. Preparations were superfused (3.0 ml /min, 36°C) with oxygentated Krebs' solution. Myenteric ganglia were visualized on the stage of a Zeiss Axiovert inverted microscope at a magnification of 10ϫ. Intracellular recordings were obtained from neurons using glass microelectrodes filled with 2.0 M KCl (tip resistance, 70 -200 M⍀). A negative capacity compensation amplifier (Axoclamp 2B) was used to record the transmembrane potential difference and to inject current via the recording electrode. Rectangular electrical current pulses with a duration of 40 -400 msec were injected through the microelectrode and were driven by Grass S88 stimulators (Grass Instruments, Quincy, MA). Satisfactory impalements resulted in a stable resting membrane potential of Ϫ35 mV or greater. The input resistance of the impaled cell was determined after the injection of a 0.1-0.9 nA hyperpolarizing current pulse (40 -100 msec duration). Membrane potentials and intracellular current injections were displayed on a digital storage oscilloscope (DSO450; Gould, Cleveland, OH), and permanent records were made on a thermal array chart recorder (TA240, Gould) and recorded on a videotape recorder (model 200; Vetter, Rebersburg, PA). Synaptic inputs were investigated by stimulating interganglionic fiber tracts with a monopolar extracellular electrode made from Teflon-insulated platinum wire (25 m diameter). To evoke a fast EPSP, nerve fibers were stimulated using single stimuli of 0.5 msec duration applied at a rate of 0.5 Hz. When studying fast EPSPs, four consecutive responses obtained from the same cell were averaged, first before application of experimental compounds and then again after they were applied. Data are expressed as mean Ϯ SEM. Inhibition of the EPSP is expressed as the percent change from the predrug amplitude. ANOVA followed by Dunnett's t test (StatView) was used to test for significance ( p Ͻ 0.05).
Compounds were applied to neurons either by ejection with pressure from a micropipette (ϳ5.0 m diameter) filled with a 20.0 mM (glutamate) or 10.0 mM (AMPA, NMDA, and nicotine) solution or by addition to the fluid superfusing the preparations. In superfused preparations, compounds ejected from micropipettes were diluted ϳ100-fold . Compounds used included: (1) from Sigma (St. Louis, MO), tetrodotoxin, hexamethonium, bicuculline, and glycine; (2) from Tocris
, and L-(Ϫ)-threo-3-hydoxyaspartic acid (THA); and (3) from Research Biochemicals International (Natick, MA), AMPA, cyclothiazide, NMDA, nicotine, glutamic acid, 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), 6,7-dinitroquinoxaline-2, 3-dione (DNQX), suramin, and (Ϯ)Ϫ3-(2-carboxypiperazin-4-yl)-propyl-1-phosphonic acid (CPP). Intracellular labeling with Neurobiotin. To visualize the shapes of enteric neurons from which recordings were made, intracellular microelectrodes were filled with 2.0% Neurobiotin (Vector Laboratories) in 1.0 M KCl. After impaled neurons had been characterized electrophysiologically, a depolarizing current was passed through the microelectrodes (0.4 -0.6 nA, 200 msec for 25 min) to inject the Neurobiotin. After dye injection, the preparations were fixed and permeabilized, as described above. Preparations were then incubated with streptavidin (Vector; 1:200) conjugated to FITC for 1 hr.
RESULTS

Glutamate-immunoreactive neurons are present in both enteric plexuses
If glutamate is an enteric neurotransmitter, then as in other sites where glutamatergic neurons exist, the enteric plexuses would be expected to contain neurons that can be demonstrated with glutamate-selective antibodies (Marc et al., 1990; van den Pol, 1991) . Glutamate-immunoreactive neurons were found in ganglia of the myenteric (Fig. 1 A,F ) and submucosal ( Fig. 1C ,E,G) plexuses in both guinea pigs ( Fig. 1 A-D,G) and rats ( Fig. 1 E,F , Table  2 ). The frequency of such cells in each plexus was relatively low but was higher in the rat than in the guinea pig. All of the submucosal glutamate-immunoreactive neurons in the guinea pig bowel co-expressed substance P and choline acetyltransferase (ChAT) immunoreactivities (Fig. 1G ,H ) and a subset also contained calbindin immunoreactivity ( Table 2 ). All of the glutamateimmunoreactive neurons of the guinea pig myenteric plexus contained ChAT immunoreactivity, and most also contained substance P (Table 2) . Almost all of the guinea pig glutamateimmunoreactive myenteric neurons exhibited Dogiel type II morphology ( Fig. 1 A) ; nevertheless, only ϳ10% of them co-stored calbindin, which is a marker associated with ϳ70% of Dogiel type II neurons (Costa et al., 1996) . Glutamate-immunoreactive axons were abundant in each plexus of both guinea pig and rat. Within ganglia, processes were thin and varicose ( Fig. 1 A,F ). These varicose axons occasionally formed baskets around neuronal cell bodies. In addition, thicker, nonvariose fibers seemed to enter ganglia from a connective, traverse ganglia without branching and leave in a different connective ( Fig. 1 B,D) . These apparent fibers in transit were most commonly located at the periphery of the ganglia through which they passed. Glutamate-immunoreactive axons were also observed in the circular muscle layer, mucosa, and surrounding blood vessels (not illustrated). To investigate whether glutamate immunoreactivity occurs in presynaptic terminals, we used postembedding electron microscopic immunocytochemistry with immunogold (n ϭ 5) (van den Pol, 1991). Glutamateimmunoreactive axon terminals were observed in contact with Figure 2 . Glutamate-immunoreactive varicosities can be detected by electron microscopy in myenteric ganglia. A, Small, clear, round synaptic vesicles (arrow) are present in all glutamateimmunoreactive nerve terminals (t). The black dots (arrowhead) are gold particles (10 nm), which identify the axon as containing high levels of glutamate. A second terminal (*) also contains clear, round synaptic vesicles (arrow) but few gold particles. Note that there is some diffusion of the amino acid. B, Varicosities in which large, dense-cored vesicles (arrow) predominate are not labeled by antibodies to glutamate. Scale bar, 0.5 m.
dendrites of postsynaptic cells (Fig. 2 A) . To determine whether the location of gold particles over axonal varicosities was significant, the distribution of gold particles on immunostained grids was compared with that of an array of dots superimposed on the electron micrographs of the neuropil of the myenteric plexus. Although the dots were arrayed in a regular pattern, the pattern was random with respect to the structures in the micrographs. Structures under the dots were identified and scored, as were structures under the gold particles. The distribution of structures under the dots was compared with that under gold particles by means of a 2 test, in which the dots served as the distribution that would have been expected if the gold particles had randomly precipitated over the tissue. Essentially no gold particles were found on control grids, incubated in the absence of primary antibodies (data not illustrated). The distribution of gold particles over cellular elements of the tissue differed significantly from that expected for a random array ( p Ͻ 0.001) ( Table 3 , cellular distrubution); furthermore, significantly more immunogold particles were found over axonal varicosities than could be accounted for by chance ( p Ͻ 0.001). These glutamate-immunoreactive boutons contained populations of small (diameter, ϳ50 nm), clear, round synaptic vesicles. Although small numbers of densecored vesicles were also present in labeled terminals, the small, clear vesicles predominated. Because axonal varicosities were labeled by antibodies to glutamate, the subcellular distribution of immunogold particles within the labeled varicosites was also analyzed (Table 3 , subcellular distribution in varicosities). The number of immunogold particles over small, clear syanptic vesicles was significantly greater than that expected for a random distribution ( p Ͻ 0.001), whereas that over the large, dense-cored vesicles was not. The subset of varicosities in which large, dense-cored vesicles predominated was not labeled by antibodies to glutamate (Fig. 2 B) .
Enteric neurons express AMPA and NMDA receptors
The hypothesis that glutamate is an enteric neurotransmitter requires that enteric neurons express glutamate receptors. Immunocytochemistry was thus used to determine whether evidence of the expression of these receptors could be obtained. The immunoreactivities of both AMPA (Fig. 3) and NMDA (Fig. 4 A,B) receptors were detected on enteric neurons. In general, immunolabeling was cytoplasmic, filling the perikarya and occasionally the proximal dendrites of a subset of enteric neurons. In addition, the staining intensity of somata varied. Some were very intensely stained; others were more lightly stained. The cytoplasmic localization of the glutamate receptors in enteric neurons agrees with previous studies, which have visualized these receptors in fixed and permeabilized central neurons, using C-terminal antibodies (Petralia and Wenthold, 1992; Petralia et al., 1994a,b) . At least part of the internal labeling may represent receptors in transport to and from the cell membrane (Wenthold et al., 1990) .
Antibodies to the C-terminal portions of AMPA receptor subunits GluR1, GluR2/3, and GluR4 (Petralia and Wenthold, 1992) were used to identify immunocytochemically the neurons on which these receptor subunits are located (Table 1) . More than half of the cells in the myenteric plexus that contained calbindin, a Ca 2ϩ -binding protein that has been used as a marker for 2/AH neurons (Iyer et al., 1988; Song et al., 1991) and is present in ϳ25% of myenteric neurons (Costa et al., 1996) , co-expressed GluR1 (Fig. 3G,H ) . The presence of GluR1 in cells that express calbindin is thus consistent with the idea that glutamate mediates The structures underlying immunogold particles were identified, and the number of particles associated with each structure was counted. The distribution of immunogold particles was then compared, by means of a 2 test, with that of a grid of dots superimposed over the same micrographs. The distribution of the dots was taken as that expected for a random distribution of label. The distribution of immunogold particles over cellular structures was not random ( p Ͻ 0.001). Because varicosities were labeled, the distribution of immunogold particles over subcellular structures within varicosities was compared with that of a random distribution of dots. The distribution of immunogold particles over subcellular structures within the varicosities was not random ( p Ͻ 0.001). *Significantly more than expected; p Ͻ 0.001. synaptic transmission in a subset of 2/AH neurons. Calbindinimmunoreactive neurons did not contain GluR2/3 or GluR4 immunoreactivity (Table 2) ; however, the immunoreactivity of these subunits was encountered in other subsets of myenteric neurons. The GluR2/3 subunits were observed in small cells and were confined to the cell bodies of these neurons (Fig. 3D ). GluR2/3-immunoreactive neurons co-expressed ChAT, nitric oxide synthase (NOS), and calretinin immunoreactivities. Although many ChAT-immunoreactive neurons did not contain GluR2/3, every NOS-and calretinin-immunoreactive cell was GluR2/3-immunoreactive. NOS-and calretinin-immunoreactive neurons account for ϳ19 and 26%, respectively, of all myenteric neurons (Furness et al., 1994; Costa et al., 1996) . GluR4-immunoreactive neurons (Fig. 3F ) were larger than those that contained GluR2/3, and GluR4 immunoreactivity extended into the processes of these neurons. In contrast to GluR2/3, GluR4 immunoreactivity was never seen in NOS-immunoreactive neurons. ChAT immunoreactivity marked 100% of GluR4-immunoreactive neurons, and a large subset was also calretinin-immunoreactive. Submucosal neurons that contained calbindin were also GluR1-immunoreactive (Fig. 3A) ; however, in contrast to their counterparts in the myenteric plexus, these cells also expressed GluR2/3 immunoreactivity (Table 2, Fig. 3C ). In the CNS, AMPA receptors are impermeable to Ca 2ϩ in cells that express the GluR2 subunit (Hollmann et al., 1991; Vodyanoy, 1995) ; therefore, the calbindin-containing neurons of the myenteric plexus may express AMPA receptors that are permeable to Ca 2ϩ . GluR2/3 immunoreactivity was also seen in ChAT-and noncholinergic vasoactive intestinal polypeptide (VIP)-immunoreactive neurons. Because ChAT-and VIPimmunoreactive neurons represent ϳ50 and 45%, respectively, of all submucosal neurons (Furness et al., 1984) , GluR2/3 immunoreactivity seems to be found in the perikarya of almost all submucosal neurons. A subset of neurons in the submucosal plexus also expressed GluR4 immunoreactivity (Fig. 3E) . Whereas many ChAT-immunoreactive neurons did not contain GluR4, every VIP-immunoreactive cell was GluR4-immunoreactive.
Antibodies to the C-terminal portions of NMDA receptor subunits NR1 and NR2A / B (Petralia et al., 1994a,b) were used to identify immunocytochemically the neurons on which these receptors are located (Table 1) . NR1 and NR2A / B immunoreactivities were found in the perikarya of submucosal and myenteric neurons in all regions of the guinea pig bowel (Fig. 4 A,B) . Almost all enteric neurons expressed the immunoreactivities of the NMDA receptor subunits NR1 and NR2A / B. AMPA receptor subunits were more selective in their distribution.
AMPA and NMDA receptor subunits were also detected in Western blots of crude membrane fractions from rat cortex and preparations of guinea pig LMMP. Immunoblot analysis of membranes from LMMP with antibodies to GR1, GR2/3, and GR4 detected a ϳ93 kDa protein (Fig. 5) . Antisera to NR1 recognized a ϳ101 kDa protein, and antisera to NR2A / B recognized a ϳ159 kDa protein (Fig. 5) . These results were consistent for glutamate receptor subunits (Hollman, 1997).
Glutamate depolarizes enteric neurons
Intracellular records were obtained from guinea pig myenteric neurons (Erde et al., 1985) to determine whether, as the immunocytochemical data outlined above suggest, these cells respond to glutamate and related agonists. Agonists were ap- plied by ejection with pressure from micropipettes Takaki et al., 1985) . Cells were classified physiologically as 2/AH or 1/S according to established criteria Schutte et al., 1995) . These criteria are for 2/AH neurons: (1) a prolonged hyperpolarizing afterpotential (the AH); (2) a prominent Ca 2ϩ shoulder on the falling phase of the action potential (which is tetrodotoxin-resistant); (3) the failure of the cells to spike repetitively when injected with depolarizing current pulses; and (4) the absence of anodal break excitation. In contrast, 1/S cells lack a Ca 2ϩ shoulder, spike repetitively throughout prolonged depolarizing current pulses, display anodal break excitation at the offset of intraneuronally injected hyperpolarizing current pulses, and do not exhibit a long-lasting membrane hyperpolarization after an action potential. In practice, some of the properties of 2/AH cells can be transiently masked if cells are excited at the time they are impaled. For example, when cells receive slow EPSPs, which may occur spontaneously, the AH is inhibited, cells fire repetitively, and they exhibit anodal break excitation. An excited 2/AH neuron could potentially be misclassified as 1/S if one were to rely heavily on criteria subject to masking (Schutte et al., 1995) . The one criterion that is never masked is the Ca 2ϩ shoulder on the falling phase of the action potential; therefore, this property was the most important of those investigated. No cell was considered 2/AH unless a Ca 2ϩ shoulder was demonstrated, and all of the cells in which it was clearly absent were classified as 1/S.
Depolarizing responses to glutamate were observed in the majority of impaled enteric neurons (Fig. 6) . Both 1/S and 2/AH neurons responded to glutamate, although more such responses were obtained from 2/AH cells, because they tended to be impaled most often. The responses seen were either Figure 6 . Glutamate (Glut) depolarizes 1/S and 2/AH myenteric neurons. Fast-and slow-depolarizing responses to glutamate are observed in 1/S and 2/AH cells. The downward deflections represent the electrotonic responses to the injections of hyperpolarizing current pulses. 1, Application of glutamate (arrow) induces a transient depolarization (fast response; arrowhead) that is associated with a decrease in input resistance (reflected by a decline in the amplitude of electrotonic potentials). Note that the 2/AH cell spikes during the fast response. 2, Microejection of glutamate leads to a prolonged membrane depolarization (slow response) associated with an increase in action potential activity. 3, Application of glutamate induces a biphasic depolarizing response, consisting of an initial fast response (arrowhead) and a partial recovery of the membrane potential, followed by a slow response. The cells discharge action potentials during the fast and slow response. For 1/S cells, resting membrane potential (RMP) ϭ Ϫ47, Ϫ42, and Ϫ49 mV; for 2/AH cells, RMP ϭ Ϫ58, Ϫ61, and Ϫ56 mV. monophasic fast, monophasic slow, or biphasic. The characteristics of the responses to glutamate and the frequency with which they were encountered are summarized in Table 4 . A third component, consisting of a highly delayed depolarizing response (ϳ70 sec), associated with an increase in input resistance, was recorded in two 2/AH neurons. Because of the extremely low frequency of occurrence of this response, it was not investigated further. The fast component of the response to glutamate consisted of a rapidly developing depolarization associated with a fall in membrane input resistance (Table 4) . The slow component appeared later, was longer-lasting, and was not associated with a consistent change in input resistance. The time courses of the two components partially overlapped, significantly increasing the amplitude of the initial component in cells that displayed biphasic responses. The glutamateinduced depolarizations were concentration-dependent, in that the amplitude of the responses increased as the duration of the pressure pulse used for microejection was increased from 50 to 500 msec (Fig. 7) . Responses to glutamate desensitized in both 1/S and 2/AH neurons and declined in amplitude unless successive applications were separated by intervals of 10 min (data not illustrated).
Fast responses to glutamate are mediated by postsynaptic AMPA receptors
Activation of presynaptic or postsynaptic receptors or both could potentially account for fast responses to glutamate. To examine the locus of glutamate-induced fast depolarizations, we analyzed the fast response in the presence of tetrodotoxin and low-Ca 2ϩ / high-Mg 2ϩ solutions. Neither tetrodotoxin (300 nM; n ϭ 4), nor low-Ca 2ϩ / high-Mg 2ϩ (1.0/15.0 mM; n ϭ 3) solutions significantly affected fast responses to glutamate (Fig.  8) . These data indicate that fast responses to glutamate are not secondary effects of the release of another neurotransmitter but are directly mediated by glutamate-responsive receptors of the impaled neurons.
Pharmacological studies were conducted to characterize the receptor(s) that mediate the fast component of the glutamate response. Receptors were identified by adding antagonists to the superfusing solution. The antagonists studied were either to glutamate receptor subtypes or, as controls, to other receptors that are known to be capable of mediating fast depolarizing responses. The non-NMDA antagonists selected for this study, CNQX and DNQX, were chosen because each has been well characterized in previous studies (van den Pol et al., 1990; McGehee et al., 1995). Concentrations used were comparable with those used by other investigators and found to be effective in blocking non-NMDA-mediated transmission in the CNS. The compounds were also applied in preliminary studies to find a concentration range that did not affect the resting membrane potential of 2/AH neurons. At concentrations of CNQX Ն30 M cells were depolarized. DNQX is more potent than CNQX and was found to exert no effect on membrane potential at 20 M. Both compounds were therefore used at concentrations Յ20 M. Selective agonists were applied by microejection, as above. Data were obtained from 2/AH neurons, because these cells were impaled with the highest frequency. An initial application of glutamate was used to determine whether the cell displayed a fast response to glutamate. Cells that did not respond with a fast reponse to glutamate were not studied further, because a preliminary investigation revealed that these cells also failed to respond to the non-NMDA agonist AMPA.
The fast but not the slow response to glutamate was mimicked by AMPA in seven of seven neurons (Fig. 9) . Pressure ejection of AMPA produced a membrane depolarization that reached maximal amplitude (20.3 Ϯ 1.6 mV) within 0.7 Ϯ 0.1 sec after application and returned to the pre-AMPA level within 5.7 Ϯ 2.2 sec. The AMPA-induced depolarizations were accompanied by a decrease in input resistance of 11.8 Ϯ 1.3%. The AMPA response was inhibited by adding the non-NMDA antagonist CNQX (n ϭ 3) or DNQX (n ϭ 4) to the superfusing medium (Fig. 9A ). In contrast, the similar applications of the nicotinic antagonist hexamethonium (n ϭ 3; Fig. 9B ), the ATP antagonist suramin (n ϭ 2; 100 M), or the GABA A antagonist bicuculline (n ϭ 2; 50 M) failed to influence responses to AMPA. As a control, fast responses were evoked by nicotine to evaluate the effect of the non-NMDA antagonists (CNQX and DNQX) on nicotinic receptors. Fast responses to nicotine were not affected by the non-NMDA antagonists (n ϭ 4; Fig. 9A ); they were blocked, as expected, by hexamethonium (n ϭ 4; Fig. 9B ). In a like manner, fast responses to glutamate were inhibited by the non-NMDA antagonists (n ϭ 3; Fig. 10 A) but not by hexamethonium (n ϭ 3; data not illustrated). Fast responses of 2/AH neurons to glutamate, therefore, are pharmacologically equivalent to responses of these cells to AMPA and thus are probably mediated by non-NMDA receptors.
Because the non-NMDA antagonists do not distinguish between the kainate and AMPA receptor subtypes (Harris, 1995) , experiments were performed to determine whether the fast response to glutamate is mediated by kainate or AMPA receptors. AMPA receptors are known to desensitize readily, a process that Data are mean Ϯ SEM. Resting membrane potential was Ϫ59.5 Ϯ 1.4 mV for 2/AH neurons and Ϫ47.9 Ϯ 1.7 mV for 1/S neurons. Membrane input resistance (R in ) was 135.9 Ϯ 8.9 M⍀ and 127.7 Ϯ 9.3 M⍀, respectively. Changes in R in associated with glutamate-evoked depolarizations were examined by intracellular injection of hyperpolarizing current pulses and by measuring the amplitude of the resulting electrotonic potentials. *Significantly different from control ( p Ͻ 0.05).
is inhibited by cyclothiazide (Harris, 1995) . We therefore analyzed the effect of exposure to cyclothiazide (25 M) on the responses of 2/AH neurons to glutamate or AMPA. At this concentration, cyclothiazide itself did not produce a change in the resting mem brane potential or input resistance. Addition of cyclothiazide to the superfusing medium, however, caused the amplitude and duration of fast depolarizations evoked either by glutamate (n ϭ 4) or AMPA (n ϭ 4) to increase (Fig. 10 B) . Superfusion of cyclothiazide induced a 45.3 Ϯ 7.5% increase in the amplitude and a 70.7 Ϯ 19.6% increase in the duration of the glutamate response over control. Cyclothiazide induced a 59.4 Ϯ 10.4% increase in the amplitude and a 91.6 Ϯ 34.2% increase in the duration of the AMPA response over control. This effect of cyclothiazide indicates that the compound inhibits the rapid desensitization of receptors responsible for mediating fast responses to glutamate and AMPA and thus supports the idea that fast responses to glutamate and AMPA are mediated by AMPA rather than kainate receptors.
Slow responses to glutamate are mimicked by NMDA
The slow response to glutamate was not affected by addition of non-NMDA antagonists to the superfusing solution ( Fig. 11 A) ; The possibility that slow responses to glutamate are mediated by NMDA receptors was therefore investigated. These studies were again performed with 2/AH neurons. Slow responses to glutamate were mimicked by applications of NMDA (Fig.  11 B,C) . As is well known from studies of NMDA responses of CNS neurons (Ascher and Johnson, 1994) , the effects of NMDA on enteric 2/AH neurons were best seen in low-Mg 2ϩ or Mg 2ϩ -free solutions and in the presence of glycine (10.0 M). Glycine is a co-agonist at NMDA receptors, so that in the absence of activation at the glycine site, no activation at the NMDA site may be possible, no matter how high a concentration of NMDA is present. NMDA evoked a slow depolarization (61.5 Ϯ 17.7 sec in duration) that reached maximal amplitude (6.7 Ϯ 1.0 mV) 8.9 Ϯ 4.3 sec after the application of the compound. Input resistance was not consistently changed by applications of NMDA. Excitability of neurons was augmented during responses to NMDA. The NMDA response was inhibited by superfusion of either of two NMDA antagonists, AP5 (25-50 M; Fig. 11 B) or CPP (100 M; Fig. 11C ). The concentrations of these agents were selected as those that, when superfused by themselves in preliminary experiments, induced no change in resting membrane potential. AP5 also inhibited slow responses to glutamate and blocked the long-lasting increase in excitability that followed applications of glutamate (Fig. 11 D) . These observations are consistent with the idea that the NMDA receptor mediates the slow response to glutamate in enteric neurons; however, these observations are not consistent with the idea that NMDA receptor activation may mediate a slow EPSP in myenteric neurons. Slow EPSPs are more prolonged, and, in contrast to the NMDA-mediated response and the slow component of the response to glutamate, slow EPSPs are invariably associated with an increase in input resistance, which is attributable to a decrease in a Ca 2ϩ -activated K ϩ conductance, a G-protein-dependent effect that is mediated by protein kinases (Bertrand and Galligan, 1995; Pan et al., 1997) . It thus seems unlikely that NMDA receptors directly mediate slow synaptic events. The NMDA effect of glutamate, therefore, is more likely to be that of a modulator that potentiates the postsynaptic response to the endogenous slow transmitter. Alternatively, glutamate might presynaptically enhance the release of the endogenous slow transmitter.
Glutamate contributes to fast synaptic transmission
Because glutamate and AMPA each evoke a fast depolarization in enteric neurons, we investigated whether endogenous glutamate is a mediator of fast EPSPs. Fast EPSPs were evoked by stimulating interganglionic connectives and were recorded in 33% (9 of 27) of 2/AH neurons. Fast EPSPs were also recorded in 1/S cells (2 of 2); however, these cells were infrequently impaled. Responses were identified as fast EPSPs, rather than antidromic action potentials, if their duration was relatively long (Ͼ5 msec) and if their amplitude increased when the membrane potential was hyperpolarized. The average amplitude of the fast EPSP in 2/AH neurons was 5.5 Ϯ 0.81 mV, and the duration was 17.9 Ϯ 2.4 msec. These properties are very similar to those reported by other investigators (Grafe et al., 1979; Schutte et al., 1995) . After obtaining a fast EPSP, the AMPA receptor antagonist DNQX was superfused, and the response was again elicited. DNQX inhibits fast responses to glutamate or AMPA (see above). DNQX markedly inhibited fast EPSPs recorded in 2/AH neurons (Fig. 12 A) . The amplitudes of fast EPSPs were reduced by DNQX to 35.5 Ϯ 15.2% of the control response in 2/AH cells (n ϭ 5; p Ͻ 0.05). The amplitudes of fast EPSPs in 2/AH neurons were also slightly reduced by 100 M hexamethonium (to 73.9 Ϯ 9% of control); however, the degree of inhibition by DNQX was greater than that of hexamethonium (Fig. 12 A; p Ͻ 0.05). After experiments in which the effects of DNQX on fast EPSPs were studied, impaled neurons were marked by injection of Neurobiotin to ascertain whether the cell from which recordings were obtained actually expressed AMPA receptors. Neurons that responded to glutamate with a fast response and /or exhibited DNQX-inhibitable fast EPSPs (marked by the intracellular injection of Neurobiotin) were GluR1-immunoreactive (Fig. 12C,D) , whereas those that failed to respond (also marked by Neurobiotin) were not (Fig. 12 E,F ) . When applied to two 1/S cells, DNQX, even at the high concentration of 20 M, only slightly affected the amplitude of the fast EPSP ( Fig. 12 B) ; however, the fast EPSPs in the 1/S neurons were essentially blocked by hexamethonium (100 M; Fig. 12 B) . These observations suggest that glutamate is a neurotransmitter that mediates fast excitatory transmission to myenteric 2/AH neurons. The partial effectiveness of hexamethonium in antagonizing fast EPSPs of 2/AH cells supports the idea that both acetylcholine (ACh) and glutamate are mediators of fast EPSPs in these neurons. 2, Superfusion with TTX has no effect on glutamate-induced depolarizations recorded in a 2/AH neuron. Note that Ca 2ϩ spikes are observed in the presence of TTX.
Enteric neurons express glutamate transporters
If glutamate is an excitatory neurotransmitter in the ENS, as the above observations imply, then an appropriate inactivating mechanism should be present to terminate its effects and to prevent desensitization of receptors. The ability of cyclothiazide to potentiate AMPA receptor-mediated responses to exogenous glutamate and AMPA implies that significant desensitization of these receptors occurs rapidly in the gut. In the CNS, the synaptic actions of glutamate are inactivated by high-affinity glutamate transport (Tong and Jahr, 1994) . Four high-affinity glutamate transporters have been identified in rat and /or human CNS tissue, including the neuronal subtypes EAAC1 and EAAT4 (Rothstein et al., 1994; Kanai et al., 1995) and the astroglial subtypes GLT-1 and GLAST (Rothstein et al., 1994; Storm-Mathisen et al., 1995) . Antibodies to the neuronal transporter EAAC1 (Rothstein et al., 1994) were therefore used to test immunocytochemically the hypothesis that this molecule is present in the ENS and to determine its location. In addition, the ability of two specific glutamate transport inhibitors, THA (100 -300 M; Balcar et al., 1977) and PDC (50 M; Kanai et al. 1995) , to potentiate fast responses to glutamate and fast EPSPs in 2/AH neurons was assessed. Fast EPSPs were examined in 2/AH neurons, because the previous experiments (see above) suggested that these responses are predominantly glutamatergic. After experiments in which the effects of THA or PDC on responses to glutamate and fast EPSPs were studied, impaled neurons were marked by injection of Neurobiotin to ascertain whether the cell from which recordings were obtained was actually EAAC1-immunoreactive. Responses to glutamate (n ϭ 7; Fig. 13A ) and fast EPSPs in 2/AH neurons (n ϭ 4; Fig. 13B ) were each potentiated and prolonged by the glutamate uptake inhibitors. Superfusion of THA (at 300 M, a concentration that caused no membrane depolarization), induced a 67.7 Ϯ 16.3% increase in the amplitude of the glutamate response over control. The potentiation of glutamate-mediated responses by THA persisted after washout of the drug (up to 50 min) and was associated with spike activity. THA increased fast EPSP amplitude by 16.5 Ϯ 4.5% and duration by 27.6 Ϯ 3.4%. PDC proved to be more difficult to analyze than THA. Some cells exposed to PDC became depolarized (by ϳ10 mV) even in the absence of glutamate and spiked repetitively (data not illustrated). After the washout of PDC, membrane potential oscillated, and spontaneous bursts of action potentials persisted for about 1 hr. This discharge was abolished by DNQX (5.0 M; n ϭ 3) and thus could have been caused by the effects of spontaneous glutamate release in the preparations, unbuffered by reuptake. When encountered, the seizure-like activity evoked by PDC precluded the analysis of the effects of the compound on responses of myenteric neurons to exogenous glutamate or fast EPSPs. These observations support the idea that the EAAC1-mediated transport of glutamate is important, both in terminating the action of endogenous glutamate and in limiting the response of enteric neurons to exogenous glutamate. All of the cells in which enhanced responses to exogenous glutamate or potentiation of fast EPSPs were recorded contained EAAC1 immunoreactivity (Fig. 13C,D) . In fact, all of the neurons that expressed calbindin immunoreactivity, the 2/AH cell marker, were found to be EAAC1-immunoreactive (Fig. 13E ,F, see Table 2 ).
More neurons expressed EAAC1 immunoreactivity than that of calbindin. Because these cells were all morphologically Dogiel type II, the shape associated with 2/AH neurons (Erde et al., 1985; Bornstein et al., 1991) , it seems likely that more 2/AH neurons express EAAC1 than calbindin, which is only present in 70 -80% of 2/AH cells (Iyer et al., 1988; Song et al., 1991) . The numbers of cells expressing EAAC1 were more than those expressing glutamate immunoreactivity, suggesting that the neuronal glutamate transporter is not confined in its expression to glutamatergic neurons (Table 2) . EAAC1-immunoreactive neurons were also found in the submucosal plexus (Fig. 14) . As in the myenteric plexus, all of the neurons that expressed calbindin immunoreactivity were EAAC1-immunoreactive (Fig. 14 A,B) . All neurons that expressed substance P immunoreactivity were also found to be EAAC1-immunoreactive (Fig. 14C,D) . EAAC1-immunoreactive fibers were observed to surround intestinal crypts (Fig. 14 E,F ) . In addition, EAAC1 immunoreactivity was found in a subset of enterochromaffin cells, in which it was concentrated at the apex of the cells facing the intestinal lumen (Fig. 14 F ) .
EAAC1 was also detected in Western blots of crude membrane fractions from rat cortex and preparations of guinea pig LMMP (Fig. 5) . Immunoblot analysis of membranes from LMMP with antibodies to EAAC1 recognized a ϳ64 kDa protein. The apparent molecular weight of this protein was appropriate for the neuronal glutamate transporter (Rothstein et al., 1994) . 
DISCUSSION
Because many properties are known to be shared between the ENS and the CNS , we thought that it was unlikely that glutamate, the major central excitatory transmitter, would play no role in the ENS. Previous reports had described evidence that was consistent with the idea that glutamate is an enteric neurotransmitter (Shannon and Sawyer, 1989; Wiley et al., 1991; Burns et al., 1994; Mannaioni et al., 1994; Burns and Stephens, 1995; Rhoads et al., 1995) , but earlier electrophysiological studies had failed to demonstrate a response of enteric neurons to glutamate (Mayer et al., 1982; Galligan and North, 1990) . Experiments were thus undertaken to test the hypothesis that glutamate is an enteric neurotransmitter.
Subsets of glutamate-immunoreactive neurons were observed in each plexus but were more numerous in the submucosal plexus. In the guinea pig, all submucosal glutamate-immunoreactive neu- Figure 11 . NMDA mimics the slow response to glutamate (Glut). A, Microejection of glutamate (arrow) onto a 2/AH neuron (RMP ϭ Ϫ57 mV) leads to a prolonged membrane depolarization (slow response) associated with spike activity. Superfusion with DNQX does not block the glutamate-mediated slow response. B, Microejection of NMDA (arrow) onto a 2/AH neuron (RMP ϭ Ϫ58 mV) leads to a prolonged membrane depolarization associated with spike activity. The NMDA-mediated depolarization is blocked by AP5, an NMDA antagonist. C, The NMDA-mediated depolarization recorded in a 2/AH neuron (RMP ϭ Ϫ56 mV) is blocked by the NMDA antagonist CPP. Responses to NMDA in B and C were obtained in Mg 2ϩ -free Krebs' solution that contained glycine (10 M). D, Glutamate evokes fast and slow responses (associated with spike activity) in a 2/AH neuron (RMP ϭ Ϫ58 mV). Superfusion with AP5 inhibits only the slow response to glutamate. In contrast, the amplitude of the fast EPSP in a 2/AH neuron is only slightly reduced by hexamethonium; however, the fast EPSP recorded in (Figure legend continues) a 1/S cell is completely blocked by hexamethonium. Note that the recordings are obtained from different cells. Wash indicates recovery from DNQX or hexamethonium. C-F, Glutamate-responsive enteric neurons express GluR1 immunoreactivity. Fast responses to glutamate were recorded; neurons that did or did not respond to glutamate are marked by intracellular injection of Neurobiotin. A glutamate-responsive 2/AH neuron (arrow; this neuron also displayed a glutamatergic fast EPSP) is marked by both Neurobiotin (FITC; D) and GluR1 immunoreactivity (Cy3; C). In contrast, a Neurobiotin-injected 2/AH cell that did not respond to glutamate does not contain GluR1-immunoreactivity (D, arrowhead) . E, F, A Neurobiotin-injected 1/S neuron (FITC; F ) that did not respond to glutamate does not express GluR1 immunoreactivity (E, arrow). Scale bar, 30 m.
rons co-stored substance P and ChAT immunoreactivities, and a small subset was also calbindin-immunoreactive. The submucosal substance P-and ChAT-immunoreactive and substance P-, ChAT-, and calbindin-immunoreactive neurons are thought to be primary afferent neurons that project to the myenteric plexus (Kirchgessner et al., 1992; Bornstein, 1994) . The one-to-one relationship between glutamate and substance P immunoreactivities thus implies that the glutamate-immunoractive submucosal neurons are intrinsic sensory cells. The coincident localization of ChAT in all myenteric glutamate-immunoreactive neurons sug- Figure 13 . A, B, Inhibition of glutamate uptake potentiates both glutamate-mediated depolarizations and fast EPSPs in 2/AH neurons. Superfusion with THA, a specific high-affinity glutamate transport inhibitor, potentiates and prolongs the fast response to glutamate ( A) and the fast EPSP recorded in a 2/AH neuron ( B). C, D, Glutamate-responsive enteric neurons express the neuronal glutamate transporter EAAC1. A glutamate-responsive 2/AH neuron was marked by intracellular injection of Neurobiotin (C, arrow). The glutamate-responsive 2/AH neuron ( C) is EAAC1-immunoreactive (D, arrow). Neurobiotin was visualized with avidin-FITC. EAAC1 immunoreactivity was visualized with Cy3. E, F, EAAC1 immunoreactivity (E, arrow) is expressed by all calbindin-immunoreactive neurons (F, arrow) in the myenteric plexus; however, more neurons express EAAC1 immunoreactivity (arrowhead) than calbindin. Scale bar, 30 m.
gests that these neurons are likely to be excitatory because ACh is an excitatory neurotransmitter. The presence of an abundance of small, clear synaptic vesicles in glutamate-immunonoreactive varicosities is typical of peripheral cholinergic terminals (Jahn and Sudhof, 1994) and amino acid-containing terminals of the CNS (Storm-Mathisen et al., 1995) . Because subsets of small, clear vesicles could not be distinguished, and glutamate immunoreactivity was associated with small, clear vesicles, it is possible that a single population of synaptic vesicles co-stores glutamate and ACh. The smaller population of large, dense-cored vesicles in the same terminals, which is typical of vesicles that contain a peptide (Thureson-Klein and Klein, 1990; Jahn and Sudhof, 1994), may in enteric glutamatergic terminals contain substance P.
The presence on specific subsets of enteric neurons of the immunoreactivities of glutamate receptor subunits correlates well with the responses of enteric neurons to glutamate as well as to its agonists and antagonists. The immunoreactivities of the AMPA receptor subunits were abundantly expressed, and virtually all enteric neurons were NMDA receptorimmunoreactive. In particular, the GluR1 subunit was found on most of the myenteric neurons that displayed 2/AH neuronal markers, such as calbindin immunoreactivity and Dogiel type 2 morphology. Correspondingly, glutamate evoked a complex response with one to three components in 2/AH neurons, and the fast component of this response was found to be mediated by AMPA receptors; thus, the fast response was mimicked by AMPA, blocked by the antagonists CNQX and DNQX, and potentiated by cyclothiazide, which interferes with the desensitization of AMPA receptors. The decrease in input resistance that accompanies the fast response to glutamate or AMPA and the rapidity of the response are consistent with the idea that the fast response is mediated by an ionotropic receptor. The presence of other subunits of AMPA receptors on different subsets of enteric neurons suggests that AMPA receptor-mediated glutamate responsivity is not limited to 2/AH neurons, a suggestion that was confirmed by the observation that 1/S neurons also exhibited fast responses to glutamate. The second, slower component of the response to glutamate was found to be mediated by NMDA receptors; thus, this component was mimicked by NMDA and inhibited by NMDA antagonists.
Fast EPSPs and slow EPSPs have been well characterized in enteric neurons (Wood, 1994) . Fast EPSPs were originally described in 1/S neurons and were thought to be cholinergic and nicotinic (Hirst et al., 1974) . More recently, however, it has become apparent that fast EPSPs are also exhibited by 2/AH neurons (Grafe et al., 1979; Schutte et al., 1995) and that ACh is not the only mediator of fast EPSPs (Galligan and Bertrand, 1994 ). In the current study, fast EPSPs in 2/AH neurons were found not to be abolished by hexamethonium, suggesting that ACh is not the sole mediator of fast EPSPs in these cells. The AMPA receptor-mediated fast component of the response to glutamate, moreover, mimicked fast EPSPs in 2/AH neurons; furthermore, the AMPA receptor antagonist DNQX inhibited fast EPSPs even more than did hexamethonium. These data are consistent with the idea that fast EPSPs in 2/AH neurons are mediated both by ACh and by glutamate. The coincident expression of glutamate and ChAT immunoreactivities in the same neurons suggests that ACh and glutamate are excitatory co-transmitters.
Because enteric neurons respond to glutamate, it is not clear why this effect was not observed previously. It is possible that earlier investigators applied glutamate in concentrations that were too low. We observed responses to glutamate only when its concentration in ejection pipettes was Ն20 mM, which is higher than that usually used to test the effects of agonists on myenteric neurons. Responses of myenteric neurons to exogenous glutamate were found to be potentiated by glutamate uptake inhibitors (THA and PDC); furthermore, the immunoreactivity of the EEAC1 glutamate transporter (Rothstein et al., 1994) was widely expressed on the cell bodies of enteric neurons and in the ganglionic neuropil. These observations imply that the activity of the glutamate transporter attenuates responses to glutamate and suggest that the requirement for a high concentration of glutamate may be to enable the effects of the glutamate transporter to be overcome. The high concentration of glutamate may also compensate for glutamate receptor desensitization. Desensitization of the AMPA component of glutamate response can be minimized by adding cyclothiazide, which was not previously used in enteric studies of glutamate. Desensitization is also a problem that must be surmounted to investigate responses to glutamate in intact CNS tissue (Massey and Maguire, 1995) . It is thus possible that the effects of glutamate on enteric neurons were not detected in earlier studies, because its effects were masked by uptake and /or desensitization.
The second, slower component of the response to glutamate may have been missed in previous studies, because recordings were made under conditions that are not optimal for the response. This slower-onset depolarization is probably mediated by NMDA receptors, because it is mimicked by NMDA and unaffected by the AMPA antagonists DNQX and CNQX. The NMDA receptormediated responses to glutamate were recorded in the presence of glycine and low concentrations of Mg 2ϩ . At high concentrations, glutamate stimulates the release of glycine (Ascher and Johnson, 1994) . Glycine is a co-agonist that potentiaties NMDA responses and enables the activation of NMDA receptors by glutamate to become apparent (Johnson and Ascher, 1987) . A high concentration of glutamate in the microejection pipette may release glycine from endogenous sources and thus may make evident the NMDA receptor-mediated component of the glutamate response. Low Mg 2ϩ antagonizes a voltage-dependent block of the NMDA receptor and thus enhances NMDA receptor-mediated responses. In situ, the voltage-dependent block is overcome by the depolarization of potentially responsive neurons (Johnson and Ascher, 1990) . The absence of constitutive depolarizing activity in myenteric neurons studied in vitro probably explains the requirement for low Mg 2ϩ . The present findings strongly support the hypotheses that there are glutamatergic neurons in the ENS and that glutamate is an enteric neurotransmitter. To show that a compound is a neurotranmitter, that compound should be present in, and released from, presynaptic neurons; it should mimic the effects of the endogenous neurotransmitter; antagonizing the effects of the compound should interfere with synaptic transmission; and a suitable inactivating mechanism should be available to terminate responses to the compound. All of these criteria have been satisfied by glutamate. We have detected the immunoreactivities of glutamate, a glutamate transporter, and glutamate receptors (NMDA and AMPA) in subsets of enteric neurons in both plexuses. Glutamate, moreover, is selectively concentrated in terminal axonal varicosities. Fast EPSPs in 2/AH neurons are mimicked by AMPA and by the fast component of the glutamate response; moreover, fast EPSPs are inhibited by AMPA receptor antagonists. The extensive expression of the immunoreactivity of the EAAC1 glutamate transporter and the potentiation of both the fast component of the glutamate response and fast EPSPs by the glutamate uptake inhibitors THA and PDC indicate that transmembrane transport is the glutamate-inactivating mechanism. The release of glutamate from stimulated enteric nerves has been demonstrated previously (Wiley et al., 1991) . The case for glutamate as an enteric neurotransmitter is thus compelling. Because excitotoxins active at glutamate receptors are present in food (Perl et al., 1990; Olney, 1994) , the abundance of subsets of glutamate receptors in enteric neurons may render these cells vulnerable to glutamate-mediated excitotoxicity. The existence of enteric neurons and receptors that can play a role in processes such as activity-dependent plasticity and motor and associative memory supports the idea that the ENS is capable of a complex level of integrative function.
